SUMMARY PIWI-clade Argonaute proteins associate with PIWIinteracting RNAs (piRNAs) and silence transposable elements in animal gonads. Here, we report the crystal structure of a silkworm PIWI-clade Argonaute, Siwi, bound to the endogenous piRNA, at 2.4 Å resolution. Siwi adopts a bilobed architecture consisting of N-PAZ and MID-PIWI lobes, in which the 5 0 and 3 0 ends of the bound piRNA are anchored by the MID-PIWI and PAZ domains, respectively. A structural comparison of Siwi with AGO-clade Argonautes reveals notable differences in their nucleic-acidbinding channels, likely reflecting the distinct lengths of their guide RNAs and their mechanistic differences in guide RNA loading and cleavage product release. In addition, the structure reveals that Siwi and prokaryotic, but not eukaryotic, AGO-clade Argonautes share unexpected similarities, such as metal-dependent 5 0 -phosphate recognition and a potential structural transition during the catalytic-tetrad formation. Overall, this study provides a critical starting point toward a mechanistic understanding of piRNA-mediated transposon silencing.
SUMMARY
PIWI-clade Argonaute proteins associate with PIWIinteracting RNAs (piRNAs) and silence transposable elements in animal gonads. Here, we report the crystal structure of a silkworm PIWI-clade Argonaute, Siwi, bound to the endogenous piRNA, at 2.4 Å resolution. Siwi adopts a bilobed architecture consisting of N-PAZ and MID-PIWI lobes, in which the 5 0 and 3 0 ends of the bound piRNA are anchored by the MID-PIWI and PAZ domains, respectively. A structural comparison of Siwi with AGO-clade Argonautes reveals notable differences in their nucleic-acidbinding channels, likely reflecting the distinct lengths of their guide RNAs and their mechanistic differences in guide RNA loading and cleavage product release. In addition, the structure reveals that Siwi and prokaryotic, but not eukaryotic, AGO-clade Argonautes share unexpected similarities, such as metal-dependent 5 0 -phosphate recognition and a potential structural transition during the catalytic-tetrad formation. Overall, this study provides a critical starting point toward a mechanistic understanding of piRNA-mediated transposon silencing.
INTRODUCTION
Argonaute proteins associate with small RNA guides and form RNA-induced silencing complexes (RISCs), which repress target RNAs complementary to the guide RNAs at the transcriptional or posttranscriptional level (Siomi and Siomi, 2009; Ghildiyal and Zamore, 2009; Czech and Hannon, 2011; Meister, 2013) . The Argonaute family proteins can be classified into two clades, AGO and PIWI. The AGO-clade proteins are ubiquitously expressed in most organisms and associate with 22 nucleotide (nt) microRNAs (miRNAs) or small interfering RNAs (siRNAs) to form RISCs (Siomi and Siomi, 2009; Ghildiyal and Zamore, 2009; Czech and Hannon, 2011; Meister, 2013) . The RISCs repress the expression of their target genes and regulate a wide variety of biological processes (Okamura and Lai, 2008) . In contrast, the PIWI-clade proteins are primarily expressed in animal gonads and associate with 23-33 nt PIWI-interacting RNAs (piRNAs) to form piRNA-induced silencing complexes (piRISCs) (Malone and Hannon, 2009; Weick and Miska, 2014; Iwasaki et al., 2015; Czech and Hannon, 2016) . The piRISCs repress the expression of transposable elements and thus contribute to the maintenance of genome integrity. There are notable differences between the RISC and piRISC assembly processes. During the RISC assembly, a small RNA duplex is loaded onto the AGO protein (Kobayashi and Tomari, 2016) . Subsequently, one strand of the duplex (the passenger strand) is selectively discarded, and the other strand (the guide strand) remains bound to the AGO protein to form the mature RISC. In contrast, during the piRISC assembly, a long single-stranded piRNA intermediate is initially loaded onto the PIWI protein, with its 5 0 end anchored within the protein. Subsequently, the piRNA intermediate in the PIWI protein is cleaved on the 3 0 downstream side by the endonuclease Zucchini (MitoPLD in mouse) to form a precursor piRNA (pre-piRNA) (Ipsaro et al., 2012; Nishimasu et al., 2012; Han et al., 2015; Mohn et al., 2015; Homolka et al., 2015) . Any extra 3 0 nucleotides of the pre-piRNA bound to the PIWI protein are trimmed by the exonucleases Nibbler (Feltzin et al., 2015; Wang et al., 2016) and/or Trimmer (Izumi et al., 2016; Tang et al., 2016) . The piRNA 3 0 end is then 2 0 -Omethylated by Hen1 (also known as Pimet) to increase its stability (Horwich et al., 2007; Saito et al., 2007) .
Previous structural studies of the prokaryotic and eukaryotic AGO-clade proteins provided mechanistic insights into RISCmediated RNA silencing. The crystal structures of Pyrococcus furiosus AGO (Song et al., 2004) and Aquifex aeolicus AGO (Yuan et al., 2005) in their apo states revealed that Argonaute adopts a bilobed architecture, comprising four signature domains (N, PAZ, MID, and PIWI) and two linker domains (L1 and L2), and that the PIWI domain adopts an RNase H fold and is responsible for target cleavage. Subsequently, the crystal structures of Thermus thermophilus AGO (TtAgo) bound to a guide strand (Wang et al., 2008a) and bound to guide and target strands (Wang et al., 2008b (Wang et al., , 2009 Sheng et al., 2014) provided mechanistic insights into the guide-target recognition and the subsequent target cleavage. The TtAgo structures showed that the 5 0 and 3 0 ends of the guide are anchored within the MID-PIWI and PAZ domains, respectively. More recently, the crystal structures of eukaryotic AGOs bound to a guide RNA, such as Kluyveromyces polysporus Argonaute (KpAgo) (Nakanishi et al., 2012) , human Argonaute2 (hAgo2) (Schirle and MacRae, 2012; Elkayam et al., 2012) , and human Argonaute1 (hAgo1) (Faehnle et al., 2013; Nakanishi et al., 2013) , have been reported. These structures highlighted the structural differences between the eukaryotic and prokaryotic AGOs, such as the eukaryotic-specific insertions, despite their overall structural similarity. Furthermore, a series of crystal structures of hAgo2 bound to a guide RNA and a target RNA revealed the conformational changes in the protein accompanying the guide-target base pairing (Schirle et al., 2014) . Single-molecule imaging studies further illuminated the structural dynamics of target recognition and cleavage by mammalian Ago2 (Chandradoss et al., 2015; Jo et al., 2015; Salomon et al., 2015) and Drosophila Ago2 (Yao et al., 2015) . In stark contrast to the AGO-clade Argonautes, structural information is still limited for the PIWI-clade Argonautes. Although the structures of the PAZ domain (Zeng et al., 2011; Tian et al., 2011; Simon et al., 2011) and the MID domain (Cora et al., 2014) of the mammalian PIWI proteins are available, the structures of full-length PIWI-clade Argonautes remain unresolved, primarily because of difficulties in sample preparation for structural analysis.
BmN4 cells, a Bombyx mori ovary-derived cultured cell line, express two PIWI proteins, Siwi and BmAgo3 (Kawaoka et al., 2009) , and are widely used as a cultured cell model for investigating the mechanisms underlying the piRNA pathway. In the secondary piRNA biogenesis pathway (also known as the pingpong cycle) (Brennecke et al., 2007; Gunawardane et al., 2007; Czech and Hannon, 2016) , antisense piRNA-bound Siwi and sense piRNA-bound BmAgo3 reciprocally cleave complementary transcripts, to couple the amplification of piRNAs with the repression of transposable elements (Kawaoka et al., 2009; Xiol et al., 2014; Nishida et al., 2015) . In this process, Siwi requires the ATP-dependent RNA unwinding activity of the DEAD-box RNA helicase BmVasa, for the release of the cleavage products (5 0 and 3 0 cleavage products) (Nishida et al., 2015) . This mechanism ensures the transfer of the 3 0 cleavage products from Siwi to BmAgo3, thereby facilitating the ping-pong cycle (Xiol et al., 2014; Nishida et al., 2015) .
In this study, we purified the endogenous Siwi-piRISC from BmN4 cells, using a monoclonal anti-Siwi antibody (Nishida et al., 2015) , and determined its crystal structure at 2.4 Å resolution. The structure reveals that Siwi adopts a bilobed architecture consisting of the N-PAZ and MID-PIWI lobes, with the 5 0 and 3 0 ends of the co-purified endogenous piRNA anchored at the MID-PIWI interface and the PAZ domain, respectively. Our structure-guided mutational analyses confirm that the anchoring of both ends of the piRNA is important for stable piRISC formation and reveal that the catalytic tetrad in the PIWI domain is responsible for target cleavage. A structural comparison of Siwi and hAgo2 revealed notable differences in the arrangement of the N-PAZ lobes with respect to the MID-PIWI lobes, resulting in the structural differences in their central channels that accommodate the guide and target RNAs. Collectively, the present structure provides critical information toward a mechanistic understanding of piRISC-mediated transposon silencing.
RESULTS

Preparation of the Siwi-piRISC
We prepared Sepharose beads conjugated with the anti-Siwi antibody (Nishida et al., 2015) and set out to purify the endogenous Siwi-piRISC from BmN4 cells for crystallization. Importantly, previous studies showed that the hAgo2-RISC, but not the small RNA-free hAgo2, is resistant to protease (thermolysin) digestion (Elkayam et al., 2012) and that the anti-Siwi antibody recognizes the N-terminal intrinsically disordered region of Siwi (Nishida et al., 2015) . Based on these observations, we hypothesized that the Siwi-piRISC core is also resistant to protease treatment and could be separated from the anti-Siwi antibody beads by the protease digestion of the N-terminal disordered region of Siwi ( Figure S1A ). To test this hypothesis, we immunoisolated the Siwi-piRISC from BmN4 lysates using the anti-Siwi antibody beads, treated the complex with thermolysin, and then analyzed the supernatant by SDS-PAGE. Whereas the immunoisolated full-length Siwi (101 kDa) migrated as an 100-kDa band on the gel, an 80-kDa single band was liberated in the supernatant after the thermolysin treatment (Figure S1B ). An N-terminal sequence analysis revealed that the 80-kDa fragment begins with Ile130 of Siwi, suggesting that it corresponds to the stable core region (residues 130-899) of Siwi. The Siwi core region was further purified by chromatography on heparin and size-exclusion columns and was eluted as a single peak from the size-exclusion column (Figures S1C and S1D). Absorbances at 260 and 280 nm of the peak indicated that the purified Siwi associates with nucleic acids ( Figure S1C ). 32 P-end labeling of the RNAs isolated from the fraction revealed that 28-to 30-nt RNAs are associated with Siwi ( Figure S1E ), consistent with our previous observation (Nishida et al., 2015) . Together, these results indicate that the purified sample represents the mature Siwi-piRISC core, which lacks its N-terminal flexible region.
Overall Structure of the Siwi-piRISC We crystallized the purified Siwi-piRISC and determined its structure at 2.4 Å resolution, by molecular replacement using the hAgo2 structure (PDB: 4OLA) (Schirle and MacRae, 2012) as the search model (Table S1 ). The structure revealed that Siwi (residues 130-899) consists of four domains (N, PAZ, MID, and PIWI) and three linker domains (L0, L1, and L2) (residues 130-167 are referred to as L0) and can be divided into two lobes (N-PAZ and MID-PIWI) ( Figures 1A and 1B) . The N-PAZ lobe consists of the L0 (residues 157-167), N (residues 168-240), L1 (residues 241-317), PAZ (residues 318-426), and L2 (residues 427-484) domains, whereas the MID-PIWI lobe consists of the L0 (residues 130-156), L2 (residues 485-527), MID (residues 528-657), and PIWI (residues 658-899) domains. The L0 region contains two b strands and interacts with the b strands in the L1, L2, and PIWI domains, thereby contributing to the integration of the two lobes ( Figure 1B ). Siwi has a nucleic-acid-binding channel between the two lobes, in which electron densities are observed for the co-purified endogenous RNAs ( Figure S2A ), as in the crystal structures of the eukaryotic AGOs (Schirle and MacRae, 2012; Nakanishi et al., 2012; Faehnle et al., 2013; Nakanishi et al., 2013) . The electron density for the 5 0 nucleotide could be fitted to a uridine ( Figure S2B ), consistent with the preference of Siwi for the U1 nucleotide in the guide piRNA (g1U bias) (Kawaoka et al., 2009 (Kawaoka et al., , 2011 Xiol et al., 2014; Nishida et al., 2015) . The electron density was observed for the 2 0 -O-methyl group in the 3 0 nucleotide ( Figure S2C ), consistent with earlier observations that mature piRNAs possess the 2 0 -O-methylated 3 0 end (Horwich et al., 2007; Saito et al., 2007; Kawaoka et al., 2011) . Since the Siwi-bound endogenous piRNAs have divergent sequences and lengths (predominantly 28-nt long) (Kawaoka et al., 2009; Nishida et al., 2015) , we modeled 1-UAUUU-5 and 26-UUU m -28 (U m indicates the 2 0 -O-methylated U) as the 5 0 and 3 0 segments of the bound piRNA, respectively, according to the size and shape of their nucleobases. No electron density was observed for the middle segment (nucleotides 6-25) of the piRNA, as in the guide-bound eukaryotic AGO structures (Schirle and MacRae, 2012; Nakanishi et al., 2012 Nakanishi et al., , 2013 Elkayam et al., 2012; Faehnle et al., 2013) , suggesting that the middle region is disordered in the present structure. Together, these observations indicate that the present structure represents the SiwipiRISC bound to mature piRNAs.
Structural Comparison between Siwi and hAgo2
A structural comparison between Siwi and hAgo2 (Schirle and MacRae, 2012; Elkayam et al., 2012; Schirle et al., 2014) revealed unexpected similarities and differences between the PIWI and AGO proteins ( Figures 1B-1D ). The individual domains of Siwi and hAgo2 can be superimposed (root-mean-square deviation of 0.9-2.0 Å for equivalent Ca atoms) ( Figure S3A ), although they share limited sequence identities (13%-32%) (Figure S4) . However, there are notable differences in the arrangement of their N and PAZ domains relative to the rest of the protein ( Figure 1D ). In addition, the relative arrangement between their N and PAZ domains differs between Siwi and hAgo2 ( Figure S3B ). These distinctive arrangements are stabilized by extensive interactions at their N-L1-L2 and L1-PAZ-L2 interfaces (Figure 2) .
At the N-L1-L2 interface of Siwi, Trp166 in the L0 domain and Trp477 in the L2 domain form a hydrophobic core with residues from the N domain (Leu168, Leu200, Tyr207, and Val209) and the L1 domain (Tyr247, Phe251, and Ile254), thereby playing a central role in the formation of the N-L1-L2 interface (Figures 2A and 2B) . Notably, Trp477 of Siwi is conserved among the PIWIs, but not among the AGOs, in which the equivalent residue is conserved as phenylalanine (Phe397 in hAgo2) ( Figure S5 ). In the hAgo2 structure (Schirle et al., 2014) , Phe397 forms a hydrophobic core with residues from the N domain (Ile54, Val93, Tyr101, and Ala103) and the L1 domain (Val165), in a manner distinct from that of Siwi Trp477 ( Figures 2D and 2E ). In addition, hAgo2 has an AGO-specific a-helix (referred to as AGO-Ins) between the N and L1 domains that contributes to the N-L1 interface formation ( Figures 2D, 2E , and S5).
In the L1-PAZ-L2 interface of Siwi, four b strands (b8, b9, b11, and b12) in the L1 domain and three b strands (b13, b14, and b19) in the PAZ domain form a seven-stranded b-barrel-like structure, which is stabilized by a hydrophobic core formed by residues from the L1 domain (Met267, Phe272, Pro274, Trp288, Lys311, and Leu313) and the PAZ domain (Met347, Thr354, and Thr426) (Figures 2A and 2C ). This b-barrel-like structure fixes the arrangement between the L1 and PAZ domains. The Met347/Thr354 and Leu313 residues of Siwi are replaced with Glu268/Lys278 and Phe224 in hAgo2, respectively, and the AGOs have a conserved proline residue (Pro229 in hAgo2) in the L1 domain ( Figure S5 ). These residues of hAgo2 appear to prevent the L1 and PAZ domains from forming a b barrel-like structure ( Figures 2D and 2F) . Instead, hAgo2 has Tyr225 in the last b strand (b12) of the L1 domain, which forms a hydrophobic core with residues from the PAZ domain (Leu265 and Phe233) and the L2 domain (Gln350 and Cys352) ( Figure 2F ). In addition, the L1-PAZ-L2 interface is reinforced by polar interactions between Arg196 (L1) and Glu261 (PAZ), and between Gln350 (L2) and Lys266 (PAZ) ( Figure 2F ). The Phe224/Pro229/ Gln350 and Arg196/Tyr225/Glu261 residues of hAgo2 are strictly and highly conserved among the AGOs, but not among the PIWIs, respectively ( Figure S5 ). Indeed, these interactions at the L1-PAZ-L2 interface are conserved in hAgo1 (Faehnle et al., 2013; Nakanishi et al., 2013) . Together, these structural observations highlight the distinct spatial arrangements of the N and PAZ domains relative to the L1-L2 domains between the AGO-and PIWI-clade Argonautes.
Recognition of the 5
0 Phosphate of the piRNA The 5 0 end of the piRNA is flipped into a binding pocket at the interface between the MID and PIWI domains ( Figure 3A) . The 5 0 phosphate is recognized by the main-chain amide group of Val624 and the side chains of Tyr607, Lys611, Gln623, and Lys649 ( Figure 3A ). We observed a strong electron density in the vicinity of the 5 0 phosphate; we modeled it as a Mg 2+ ion, based on its octahedral geometry and coordination distances (2.1 Å ) ( Figure S6A ). The Mg 2+ ion was likely co-purified from the BmN4 cells, since the purification and crystallization buffers lacked divalent cations. The Mg 2+ ion is octahedrally coordinated by phosphates 1 and 3 in the piRNA, the side chain of Gln645, the C-terminal carboxylate group of Leu899, and a water molecule ( Figure 3A ). To examine the functional importance of the residues involved in the 5 0 phosphate recognition, we expressed the FLAG-tagged, wild-type and mutants of Siwi in BmN4 cells, immunopurified the Siwi proteins, and then analyzed the Siwi-bound piRNAs ( Figure 3B ). The K611A, Q623A, Q645A, and K649A mutants were associated with substantially reduced levels of piRNAs, as compared with wild-type Siwi. These results confirmed the importance of the 5 0 phosphate recognition for piRNA loading, consistent with previous studies (Kawaoka et al., 2011; Cora et al., 2014) . Tyr607, Lys611, Gln623, Gln645, and Lys649 are strictly conserved among the PIWI-clade proteins ( Figure S5 ), indicating the conservation of the metal-dependent recognition mechanism of the piRNA 5 0 phosphate among them. Notably, Gln645 of Siwi is replaced with a lysine in the eukaryotic AGOs (Lys566 of hAgo2) ( Figure S5 ), and Lys566 interacts with phosphates 1 and 3 of the guide RNA in the hAgo2 structure (Schirle and MacRae, 2012; Elkayam et al., 2012) (Figures 3C and 3D ). In contrast, in the TtAgo structure, phosphates 1 and 3 in the guide are recognized by the protein in a metal-dependent manner with the Mg 2+ ion held by Gln433, which is equivalent to Gln623 of Siwi (Gln645 of Siwi is replaced with Gly453 in TtAgo) (Sheng et al., 2014 ) ( Figure 3E ). These structural findings indicate that the PIWIs and prokaryotic AGOs recognize the 5 0 phosphate of the guide strand in metal-dependent manners, whereas the eukaryotic AGOs neutralize the negative charge of the 5 0 phosphate via a conserved lysine residue.
Recognition of g1U of the piRNA The U1 nucleotide in the piRNA (g1U) is recognized in a basespecific manner by a loop region between the third b strand See also Figure S6 and Table S2 .
and the third a-helix in the MID domain (known as the specificity loop [Frank et al., 2010] ) ( Figure 3A ). The N3 of the U1 forms a hydrogen bond with the main-chain carbonyl group of Tyr603 in the specificity loop, and its nucleobase stacks with the side chain of Tyr607 ( Figure 3A ). The conformation of the specificity loop appears to be stabilized by stacking interactions between Pro576-Arg606-Tyr603, with Arg606 forming salt bridges with Asp574 and Asp605 ( Figure 3A ). Modeling indicated a steric clash or charge repulsion between Tyr603 in the specificity loop and the modeled A, G and C ( Figure S6B ), thus explaining the g1U bias of Siwi (Kawaoka et al., 2009 (Kawaoka et al., , 2011 Xiol et al., 2014; Nishida et al., 2015) . The residues in the specificity loop differ between Siwi and BmAgo3 ( Figure S5 ), consistent with the observation that, unlike Siwi, BmAgo3 lacks the preference for the piRNA 5 0 nucleotide (Kawaoka et al., 2009 (Kawaoka et al., , 2011 Nishida et al., 2015) . Although Drosophila Piwi and Aubergine also prefer g1U (Brennecke et al., 2007) , the residues in their specificity loops differ from those in Siwi (Figure S5) . Thus, further structural studies are required to elucidate their g1U recognition mechanisms. hAgo2 preferentially binds g1U and g1A (Frank et al., 2010; Elkayam et al., 2012) , and g1U or g1A is accommodated within a pocket defined by the specificity loop in the hAgo2 structure (Frank et al., 2010; Schirle and MacRae, 2012; Elkayam et al., 2012; Schirle et al., 2014) (Figures 3C and 3D ). The specificity loop of hAgo2 contains Pro523, Gly524, and Pro527, which are highly conserved among the eukaryotic AGOs, but not among the PIWIs ( Figure S5 ); it adopts a conformation distinct from that of Siwi ( Figures 3C and 3D ). Together, these structural observations reinforce the notion that the preference for the guide 5 0 nucleotide is primarily defined by the specificity loop in the MID domain.
Recognition of the Seed Region of the piRNA In the Siwi structure, nucleotides 2-5 of the piRNA adopt a nearly A-form conformation ( Figure S6C ), and are bound to a narrow groove formed by the L2, MID and PIWI domains (Figures 3F and S6D) , as in the eukaryotic AGOs (Schirle and MacRae, 2012; Nakanishi et al., 2012 Nakanishi et al., , 2013 Elkayam et al., 2012; Faehnle et al., 2013) . This structural feature indicated that, as in the AGOs, nucleotides 2-5 (the seed region) in the piRNA serve as a nucleation site for base pairing with a target RNA. Base 2 interacts with Ile638 in the MID domain, whereas phosphates 4 and 5 are recognized by Tyr857 and Gln871 in the PIWI domain, respectively ( Figure 3F ). The 2 0 -OH group of nucleotide 3 interacts with the main-chain carbonyl group of Asn859. In addition, base 5 interacts with Phe436 in helix a7 in the L2 domain (Figure 3F) , indicating that the base stacking between nucleotides 5 and 6 would be interrupted. In the guide-bound hAgo2 structure (Schirle and MacRae, 2012; Elkayam et al., 2012; Schirle et al., 2014) , Ile365 in helix a7, which is equivalent to helix a7 in Siwi, is inserted between nucleotides 6 and 7 of the guide RNA, thereby inducing a pronounced kink in the guide strand ( Figure 3G ). Moreover, a comparison between the guide-bound and guide-target-bound hAgo2 structures revealed that helix a7 in the L2 domain is displaced outward upon guide-target base pairing, thus widening the nucleic-acid-binding channel (Schirle et al., 2014). Phe436 of Siwi is conserved among the PIWIs, but not among the AGOs, whereas Ile365 of hAgo2 is conserved among the AGOs, but not among the PIWIs (Figure S5 ). These observations imply that Phe436 of Siwi and Ile365 of hAgo2 play similar roles in inducing a kink in the guide RNA within the binary complex. Together, these structural findings suggest that, as in mammalian Ago2 (Chandradoss et al., 2015; Jo et al., 2015; Salomon et al., 2015) , Siwi primarily uses a small region (nucleotides 2-5) of the piRNA guide to interrogate their target sites, and the propagation of the guide-target pairing induces the widening of the nucleic-acid-binding channel.
Recognition of the 3
0 End of the piRNA The 3 0 end of the piRNA is anchored within a binding pocket in the PAZ domain ( Figure 4A ). The 2 0 -OH and phosphate groups of nucleotide 27 interact with Tyr355 and Lys386, respectively ( Figure 4B ). Base 28 forms a stacking interaction with Phe370, and phosphate 28 is extensively recognized by Tyr350, Tyr355, Tyr382 and Tyr387 ( Figure 4B ). The 3 0 -OH group and the 2 0 -oxygen atom of nucleotide 28 form hydrogen bonds with Tyr383/ Tyr417 and Tyr417, respectively ( Figure 4B ). Importantly, the 2 0 -O-methyl group of nucleotide 28 is accommodated within a hydrophobic pocket formed by Phe370, Tyr379 and Tyr417 ( Figure 4C Potential t1A-Binding Pocket Eukaryotic AGO proteins, such as hAgo2 (Lewis et al., 2005) , and a subset of PIWI proteins, such as Siwi and Drosophila Aubergine (Wang et al., 2014) , prefer target RNAs with an adenine at the position opposite the first nucleotide in their guide RNAs (referred to as t1A). The guide-target-bound hAgo2 structures revealed that the t1A nucleotide is accommodated within a binding pocket at the L2-MID interface (Schirle et al., 2015) ( Figure 5A ). The N6 of t1A forms a hydrogen bond with the side chain of Ser561, whereas the N1 and N6 atoms of t1A form a water-mediated hydrogen-bonding network with Met437, Asn439, Lys440, and Ile477. In addition, the t1A nucleobase forms a stacking interaction with the side chain of Arg438.
The present structure revealed that Siwi has a potential t1A-binding pocket similar to that of hAgo2 ( Figure 5B ). However, in the Siwi structure, the t1A-binding pocket is not fully accessible, as the side chain of Arg520, equivalent to Arg438 in hAgo2, adopts a distinct conformation ( Figure 5B ). It is thus likely that Arg520 undergoes a conformational change to accommodate the t1A nucleotide. Ser561 of hAgo2 is replaced with a threonine in Siwi (Thr640) and Drosophila Aubergine, whereas it is replaced with a bulkier glutamine in BmAgo3 and Drosophila Ago3 ( Figure S5 ), suggesting that the t1A binding pocket is occluded by the glutamine residues in BmAgo3 and Drosophila Ago3, which lack the t1A preference.
Catalytic Tetrad in the PIWI Domain
The crystal structures of the eukaryotic and prokaryotic AGOs revealed that the PIWI domains adopt an RNase H fold, with the DEDX catalytic tetrad (X is generally Asp or His) in the active site ( Figure 6A-6D ). The catalytic tetrad was originally discovered in the KpAgo structure, in which the DEDD tetrad is formed by the DDD triad (Asp974, Asp1046, and Asp1198) and the glutamate finger (Glu1013) on a loop region (referred to as PIWI domain loop 2) between the third b strand and the first a-helix in the RNase H fold (Nakanishi et al., 2012) ( Figure 6A ). In the hAgo2 structure, the DEDH tetrad is formed by the DDH triad (Asp597, Asp669 and His807) and the glutamate finger (Glu637) (Schirle and MacRae, 2012; Elkayam et al., 2012) (Figure 6B ). hAgo1 also has a catalytic tetrad similar to that of hAgo2 (Faehnle et al., 2013; Nakanishi et al., 2013) . In the guide-bound TtAgo structure, PIWI domain loop 2 is disordered (the ''unplugged'' conformation), whereas in the guide-target bound structure, the loop region becomes ordered and the glutamate finger (Glu512) is inserted within the DDH triad to complete the catalytic tetrad (the ''plugged-in'' conformation) (Sheng et al., 2014) (Figures 6C and 6D) . Thus, unlike the eukaryotic AGOs, the guide-target base pairing induces the ''unplugged'' See also Figure S7 and Table S2. to ''plugged-in'' conformational changes in TtAgo. In these eukaryotic and prokaryotic AGO structures, the plugged-in conformation is stabilized through a conserved hydrogen-bonding network within the PIWI domain ( Figure 6A-6C ).
The present structure provides the first structural insight into the PIWI domain of PIWI-clade Argonautes and reveals that the PIWI domain of Siwi adopts an RNase H fold similar to those of the AGO-clade Argonautes ( Figure 6E ). In addition, the residues involved in the formation of the catalytic tetrad (Asp670, Glu708, Asp740, and His874 in Siwi) and the hydrogen-bonding network (His673, Ser681, Arg739, and Glu754 in Siwi) are conserved among the PIWI-clade Argonautes ( Figure S5 ). Indeed, like the D670A, D740A, and H874A mutations, the E708A mutation of Siwi abolished the slicer activity ( Figure 6F ), indicating that Glu708 participates in the catalytic-tetrad formation. However, in the present Siwi structure, PIWI domain loop 2 (residues 704-708) is disordered, and thus Glu708 adopts the unplugged state, although the other active-site residues are located at positions similar to those of hAgo2 ( Figure 6E ). These observations suggest that, as in TtAgo, the catalytic tetrad of Siwi becomes completed via a conformational change following guide-target base pairing.
DISCUSSION
In this study, we affinity-purified the endogenous Siwi-piRISC from BmN4 cells and determined its crystal structure at 2.4 Å resolution. The Siwi-piRISC structure reveals the mechanism by which Siwi recognizes the g1U and the 2 0 -O-methylated 3 0 end in the piRNA guide. Our structural and mutational analyses further demonstrate that the catalytic tetrad in the PIWI domain is critical for the slicer activity of Siwi, thereby suggesting that the catalytic tetrad is a conserved feature among the AGOand PIWI-clade Argonautes. Unlike the guide-bound eukaryotic AGO structures, the Siwi-piRISC structure adopts the unplugged conformation, as in the guide-bound TtAgo structure. The present structure also reveals that, unexpectedly, Siwi recognizes the 5 0 phosphate of the piRNA in a metal-dependent manner, as observed in prokaryotic, but not in eukaryotic, AGOs. These structural findings indicate that the eukaryotic PIWIs and the prokaryotic AGOs share unanticipated similarities in the catalytic-tetrad formation and the 5 0 -phosphate recognition. Most notably, the present structure reveals unexpected differences between Siwi and the eukaryotic AGOs in the arrangement of the N-PAZ lobe relative to the MID-PIWI lobe. These structural differences probably reflect the distinct lengths of their guide RNAs, as well as the mechanistic differences in RISC assembly and cleavage product release.
The Siwi-piRISC primarily contains a 27-28-nt piRNA, whereas the hAgo2-RISC contains a 21-nt miRNA (Xiol et al., 2014; Nishida et al., 2015) . In the structure of hAgo2 bound to a 21-nt guide RNA (Schirle et al., 2014) , the 5 0 and 3 0 ends of the guide are anchored within the binding pockets in the MID-PIWI and PAZ domains, respectively, whereas nucleotides 8-11 are disordered ( Figure 7A ). Nucleotides 2-7 (the seed region) adopt a helical conformation for base-pairing with the target RNA, whereas nucleotides 12-21 are bound to the N-PAZ lobe, with nucleotides 14-18 threaded through a narrow channel between the N and PAZ domains. In the present SiwipiRISC structure, nucleotides 1-5 adopt conformations similar to those in the hAgo2-RISC structure ( Figure 7B ). In contrast, the rest of the Siwi-bound piRNA adopts a conformation distinct from that of the Ago2-bound miRNA, due to the structural differences in their N-PAZ channels. Importantly, the PAZ domain of Siwi contains the PIWI-specific insertion (residues 405-412; referred to as PIWI-Ins) ( Figure S5 ), which protrudes into the N-PAZ channel and may facilitate the binding of longer piRNAs ( Figure 7B) . Although the precise trajectory of the bound piRNA is unknown, the structure of Siwi bound to a piRNA with a defined sequence may clarify the mechanism of piRNA recognition by Siwi, as in the case of hAgo2 (Schirle et al., 2014) .
Eukaryotic AGOs bind an 21-bp small RNA duplex and then eject the passenger strand (Czech and Hannon, 2011; Kobayashi and Tomari, 2016) . In contrast, PIWIs are loaded with a single-stranded piRNA precursor, and its 3 0 end is then processed by nucleases, such as Zucchini, Trimmer, and Nibbler (Czech and Hannon, 2016) . In the human AGOs, the N domain (Kwak and Tomari, 2012; Schü rmann et al., 2013) and the PAZ domain (Gu et al., 2012; Park and Shin, 2015) play important roles in the RISC assembly process. Thus, the observed structural differences between the N-PAZ lobes of Siwi and hAgo2 likely reflect their mechanistic differences in RISC assembly.
Cleavage of target RNAs by mammalian Ago2 (Jo et al., 2015; Salomon et al., 2015) and Drosophila Ago2 (Yao et al., 2015; Nishida et al., 2015) destabilizes the base pairing between the guide and target RNAs, thereby leading to the autonomous Table S2. release of cleavage products. In contrast, Siwi cannot release the cleavage products autonomously and requires the DEADbox RNA helicase BmVasa for their efficient release (Nishida et al., 2015) . BmVasa associates with Siwi and BmAgo3 and facilitates the transfer of the 3 0 cleavage products from Siwi to BmAgo3 in the ping-pong cycle (Xiol et al., 2014; Nishida et al., 2015) . Modeling of the guide-target duplex into the hAgo2 structure indicates a steric clash between the modeled duplex and the N domain ( Figure 7C ), suggesting that the widening of the nucleic-acid-binding channel is required for hAgo2 to accommodate an extensively paired guide-target duplex for target cleavage, as previously proposed (Schirle et al., 2014) . This outward displacement of the N-PAZ lobe probably generates an inward pressure in the hAgo2 protein, which may facilitate the product release. In contrast, the modeling of the guide-target duplex into the Siwi structure suggests that the N domain would circumvent such severe clashes; instead, it would provide favorable interactions with the duplex (Figure 7D ). These structural differences might be the reasons why, after target cleavage, the nicked target strand remains bound to Siwi quite stably. As a consequence, Siwi requires BmVasa for efficient product release, in contrast to hAgo2, which releases the cleavage products autonomously. However, further structural and functional studies are needed to verify this model.
In summary, the present findings have provided a framework for understanding the mechanisms underlying piRISC-mediated transposon silencing. As in the case of hAgo2, the structures of Siwi in complex with a piRNA and its target RNA provide mechanistic insights into target recognition and cleavage by the SiwipiRISC. Furthermore, the structures of Siwi-piRISC bound to interactors, such as BmVasa, shed light on the mechanism by which Siwi and the interactors cooperatively function in the ping-pong cycle. Importantly, the piRISC purification strategy established here could be applicable to other PIWI proteins, when a specific antibody for an individual PIWI is available. Accumulation of structural information about other PIWIs, regardless of the species, will help to clarify the reasons why the lengths of the mature piRNAs differ among PIWI proteins from different species and why the g1U bias is not observed in the piRNAs loaded onto a subset of PIWIs, such as BmAgo3.
Collectively, the present study paves the way for deciphering the molecular mechanisms of piRISC-mediated transposon silencing.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell Lines BmN4 cells were cultured at 27 C in EX-CELL 420 medium (Sigma-Aldrich), supplemented with 10% fetal bovine serum (EquitechBio) and Penicillin-Streptomycin-Glutamine (Thermo Fisher).
METHOD DETAILS Purification of the Siwi-piRISC
The anti-Siwi monoclonal antibody (30 mg) (Nishida et al., 2015) was coupled with CNBr-activated Sepharose 4 Fast Flow beads (12 ml) (GE Healthcare), according to the manufacturer's instructions. BmN4 cells (9 3 10 8 cells) were suspended in buffer .3], 300 mM NaCl, 1 mM EDTA, 0.1% NP-40, 1 mM DTT, 10% glycerol, 5 mg/ml aprotinin, 2 mg/ml leupeptin and 1 mg/ml pepstatin), lysed by a homogenizer, and then centrifuged. The supernatant was incubated with the anti-Siwi antibody-conjugated beads at 4 C for 4 hr, and the mixture was then loaded into an Econo-Column (Bio-Rad). The beads were washed three times with buffer (50 mM Tris-HCl [pH 8.0], 300 mM NaCl, 0.5 mM CaCl 2 , 0.1% NP-40, 1 mM DTT and 10% glycerol), and then incubated with thermolysin (2 mg) (Promega) at 4 C for 12 hr, to release the Siwi-piRISC core. The Siwi-piRISC core was loaded onto a HiTrap Heparin HP column (GE Healthcare), equilibrated with buffer (50 mM Tris-HCl [pH 8.0], 200 mM NaCl, 1 mM DTT and 10% glycerol), and it was then eluted using a linear gradient of 0.2-2 M NaCl. The Siwi-piRISC core was further purified by chromatography on a HiLoad 16/600 Superdex 200 column (GE Healthcare), equilibrated with buffer (10 mM Tris-HCl [pH 8.0], 300 mM NaCl, 1 mM DTT and 10% glycerol).
Crystallization and Structural Determination
The purified Siwi-piRISC was crystallized at 20 C, using the sitting-drop vapor diffusion method. The crystallization drops were formed by mixing 0.1 ml of Siwi-piRISC solution (A 280 nm = 10-15) and 0.1 ml of reservoir solution (50 mM potassium phosphate monobasic and 20% PEG 8000). The crystals were cryoprotected by the reservoir solution supplemented with 20% glycerol. X-ray diffraction data were collected at 100 K on the beamline BL41XU at SPring-8 (Hyogo, Japan). The diffraction data were processed using DIALS (Waterman et al., 2013) and AIMLESS (Evans and Murshudov, 2013) . The initial phases were calculated by molecular replacement with MOLREP (Vagin and Teplyakov, 2010), using the hAgo2 structure (PDB: 4OLA) (Schirle and MacRae, 2012) as the search model. The initial model was automatically built using Buccaneer (Cowtan, 2006) , and then improved by manual model building using COOT (Emsley and Cowtan, 2004 ) and structural refinement with PHENIX (Adams et al., 2010), resulting in a clear electron density for the MID and PIWI domains. Subsequently, molecular replacement was performed with MOLREP, using the structure of the isolated PAZ domain from the Hiwi1 structure (PDB: 3O7V) (Tian et al., 2011) as the search model. The electron density map was improved by density modification with RESOLVE (Terwilliger, 2000) , and the model was iteratively built and refined using COOT and PHENIX, respectively. The data collection and refinement statistics are summarized in Table S1 . All molecular graphics were prepared with CueMol (http://www.cuemol.org).
Small RNA Isolation from the Immunopurified Siwi Complex
Immunoprecipitation was performed essentially as described previously (Saito et al., 2006) . BmN4 lysates were prepared in binding buffer (30 mM HEPES [pH 7.4], 150 mM potassium acetate, 5 mM magnesium acetate, 5 mM DTT, 0.1% Tergitol-type NP-40, 5 mg/ml aprotinin, 2 mg/ml leupeptin and 2 mg/ml pepstatin), and then incubated with an anti-Siwi antibody bound to Dynabeads Protein G (Invitrogen) in the presence of 500 mM NaCl. The beads were then washed three times with binding buffer supplemented with 500 mM NaCl, and twice with binding buffer. Total RNAs were eluted from the beads by phenol-chloroform treatment, and then precipitated with ethanol. The RNAs were dephosphorylated with Antarctic Phosphatase (NEB) and radiolabeled with 32 P-g-ATP using T4 PNK (NEB).
Plasmid Construction
The expression vector for FLAG-tagged Siwi was generated by Gateway Technology (Invitrogen), using the pIB-3 3 FLAG vector. The expression vectors for the FLAG-Siwi mutants were generated by inverse PCR, using the wild-type FLAG-Siwi vector as the template. The sequences of the DNA oligos used for inverse PCR are listed in Table S2 .
In Vitro Target RNA Cleavage Assay Cleavage assays were performed as described previously (Miyoshi et al., 2005) . The sequence of the RNA substrate used is 5 0 -GGGAGUCCAGAUUUGAAUCCGUUAGAUUACAAUCAAGCUUAUCGAUACCGUCGACCUCGAGGGG-3 0 (64 nt), which corresponds to part of the Bmmar6 transposon mRNA. The RNA substrate was prepared by in vitro transcription using a DNA template, which was amplified by PCR using the two DNA oligos, Target-F and Target-R (Table S2 ). In vitro transcription was performed with a T7 High Yield Transcription Kit (Epicenter) in the presence of 32 P-a-UTP.
QUANTIFICATION AND STATISTICAL ANALYSIS
RNA cleavage and piRNA loading experiments were repeated three times, and representative results were shown.
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Data Resources
The atomic coordinates of the Siwi-piRISC have been deposited in the Protein Data Bank: 5GUH.
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